Measurement of binding forces intrinsic to adhesion molecules is necessary to assess their contribution to the maintenance of the anatomical integrity of multicellular organisms. Atomic force microscopy was used to measure the binding strength between cell adhesion proteoglycans from a marine sponge. Under physiological conditions, the adhesive force between two cell adhesion molecules was found to be up to 400 piconewtons. Thus a single pair of molecules could hold the weight of 1600 cells. High intermolecular binding forces are likely to form the basis for the integrity of the multicellular sponge organism.
Measurement of binding forces intrinsic to adhesion molecules is necessary to assess their contribution to the maintenance of the anatomical integrity of multicellular organisms. Atomic force microscopy was used to measure the binding strength between cell adhesion proteoglycans from a marine sponge. Under physiological conditions, the adhesive force between two cell adhesion molecules was found to be up to 400 piconewtons. Thus a single pair of molecules could hold the weight of 1600 cells. High intermolecular binding forces are likely to form the basis for the integrity of the multicellular sponge organism.
Specific intermolecular recognition is a prerequisite for dynamic biochemical processes in living organisms. Such interactions between biological macromolecules are usually investigated by kinetic binding studies, calorimetric methods, x-ray diffraction, nuclear magnetic resonance, and other spectroscopic analyses. These methods do not provide a direct measurement of the intermolecular binding forces that are fundamental for the function of the ligandreceptor association. Recently, surface force apparatus and atomic force microscopy (AFM) were introduced to quantify the forces of biotin-streptavidin interactions (1) (2) (3) or to follow in real time the conformational changes in a single enzyme (4) , and optical tweezers were applied to probe the forces responsible for myosin-actin assembly (5) . Here, we used AFM to determine the binding strength between cell adhesion macromolecules under various physiological conditions. We selected the cell adhesion proteoglycan (AP) of the marine sponge Microciona prolifera as a model. The AP mediates in vivo cell recognition and aggregation via homophilic, specific, polyvalent, and calcium ion-dependent carbohydrate-carbohydrate interactions (6) (7) (8) .
With the use of AFM imaging, we observed AP rings with a diameter of 200 nm and about 20 irradiating arms, each 180 nm long (Fig. 1A) . Although similar structures can be seen by electron microscopy (EM) (Fig. 1B) , AFM Cluj-Napoca, Romania.
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To measure AP-AP interaction forces, we covalently attached APs to an AFM sensor tip and a flat surface; the attachment process involved AP proteins but did not modify functional carbohydrate adhesion sites (9) . The cantilever tip was carefully moved toward the substrate surface, and a series of approach-and-retract cycles was collected (10). The stability of binding events during the course of these experiments indicated that none or very few of the AP functional adhesion sites were irreversibly damaged. Four typical approachand-retract cycles originating from AP experiments are shown (Fig. 2, A through D) . The adhesion peaks were retarded, indicating that there was no interaction during the surface approach, but on retraction the lever detected an attractive force at a dis- Fig. 1 tance from 0 to approximately 200 nm above the surface. This phenomenon was also observed within a few nanometers of the surface without actually touching it. In contrast, a typical approach-and-retract cycle taken between two surfaces without APs showed that adhesion took place directly at the surface; this observation indicates the presence of short-range forces, and the slope of the adhesion curve shows that there was no elasticity in the sample itself (Fig. 2E) . The shape of the approach-and-retract curves between APs suggests the presence of long-range interactions, interpreted as the lifting and extension of stringlike arms, followed by further stretching until the elastic force of the cantilever equals the strength of the binding and the lever We also characterized AP-AP adhesion
.L a.. In .,, , , , (6) (7) (8) and AP-coated bead aggregation. At a Ca2+ concentration of 10 mM, the average force between APs was 125 pN, ranging up to 400 pN, with high probability of binding (60 ± 10%). At a Ca2+ concentration of 2 mM, cell adhesion and AP bead aggregation were sharply reduced (6) (7) (8) , and the force (40 + 15 pN) and probability of binding (12 ± 5%) were also reduced (Fig. 3) . The interaction between APs is Ca2+-selective, as reported with a cell aggregation assay (12). Indeed, 10 mM Mg2+ could not replace Ca2+ in AFM experiments or in adhesion of AP-coated beads (Fig. 3) . Use of the monoclonal antibody (mAb) block 2 provided a third line of evidence that the AFM-measured interactions originate from AP-AP binding. This antibody recognizes a carbohydrate epitope and specifically inhibits AP-promoted cell adhesion (7) and AP-coated bead aggregation (Fig. 3D) (Fig. 3C) . Thus, during AFM measurements in all tested experimental conditions, AP-AP interactions resemble cell-cell adhesion events observed in vivo.
The shape of the approach-and-retract cycles shows that stringlike structures were responsible for AP-AP interactions (Fig. 2) . These strings are likely to be the AP arms composed of glycans with a relative molecular weight of 200 X 103 (g200), which have been shown to mediate polyvalent AP-AP binding (7) . This possibility is further supported by the fact that the length (180 nm) (13) and the number (20 copies) of the g200 glycan per AP molecule (7) are similar to the length and number of AP arms as measured by AFM and EM (Fig. 1) . Finally, the inhibitory mAb block 2 is directed against a self-association epitope located on the g200 glycan (7).
These observations are consistent with a model in which the AP arms are responsible for AP-AP cohesion. Because kC.~~~~~~~~~~~~~I of AP arms, respectively. Our data also provide information about the behavior of AP molecules during homophilic interactions. First, upon stretching, AP arms did not behave as ideal springs; instead, their stiffness increased gradually (Fig. 2) . Second, although the rupture force of a single covalent C-C bond is about 10 nN (14), the strongest measured noncovalent AP-AP binding forces are about 25 times weaker (400 pN). These findings explain why the APs remained intact throughout the AFM experiments and how they allow cell dissociation without being destroyed. 
